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Keywords: HCCi, combustion mode design, dual-fuel, reactivity, stratification introduction Clean and high efficiency combustion technology is the key to meet the even stringent emission legislations for internal combustion (IC) engines. For conventional diesel engines, the auto-ignition and combustion highly depend on the spray breakup and mixing events. Due to the nature of mixing controlled combustion process, local rich regions exist in the combustion chamber, which favors the formation of soot or particulate matter; there also exists stoichiometric regions, results in high combustion temperature and hence high NOx emissions. Therefore, the combustion evolution process enters both the high soot and high NOx formation regions in the Φ-T map, thus the traditional trade-off between soot and NOx emissions exists in conventional combustion regimes (Reitz, 2013) .
The available mixing time, known as the ignition delay, usually expressed as the interval between the start of injection (SOI) and start of combustion (SOC) in IC engines, is the key parameter to improve the premixed mixture and to suppress the soot formation. Ideally soot can be totally eliminated if the fuel-air mixture is homogeneous, the low equivalence ratio also prevents the formation of NOx due to the low combustion temperature, thus ultra-low soot and NOx emissions can be obtained simultaneously. This is the essential concept of homogeneous charge compression ignition (HCCI) combustion. In addition, the auto-ignition and combustion process of HCCI combustion is controlled by chemical kinetics, adhering with high volumetric heat release process, together with reduced heat release loss due to the low combustion temperature, thus high thermal efficiency can also be obtained. Therefore, HCCI combustion has the potential to be highly efficient with ultra-low emissions ).
However, the major challenges in the operation of HCCI engines are the effective control of ignition timing and combustion rate, essentially the combustion phasing (represented by CA50 timing, time of 50% accumulated heat release) and peak pressure rise rate [PPRR, usually controlled to be lower than 1.0 MPa/crank angle (CA) degree], which are determined by the local distributions of temperature, pressure, and mixture composition. Since the mixture is homogeneous, once the auto-ignition occurs, there is no direct way to achieve effective control of the combustion rate, results in high PPRR, which in turn limits the maximum achievable loads. In addition, due to the low equivalence ratio, the combustion efficiency is considerably lower than conventional combustion, thus high unburnt hydrocarbon (UHC) and carbon monoxide (CO) emissions are also problems associated with HCCI combustion. Therefore, from the combustion control perspective, it is desirable to develop effective measures to achieve both auto-ignition timing and combustion phasing control to utilize the advantages of HCCI combustion concept .
Fuel property optimization has been found to be an effective measure to manipulate the HCCI combustion process. Fuel reactivity control through port injection of two fuels with quite different reactivity (such as n-heptane and iso-octane) offers an effective way to achieve HCCI combustion phasing control. It has been pointed out that high cetane number fuels can be beneficial for HCCI combustion under low load conditions, while high octane number fuels are helpful for HCCI load extensions. The overall reactivity of the fuel-air mixture can be altered by changing the ratio between the high reactivity and low reactivity fuels. In this way, both auto-ignition timing and combustion phasing can be well controlled through dual-fuel HCCI operation .
However, although the dual-fuel HCCI combustion could extend the stable HCCI operation range, the maximum load is still restricted by the PPRR to be within low loads, thus other ways should be taken to suppress the combustion reaction rate, especially under high load conditions. Richter et al. (2010) found that the charge inhomogeneity was potentially significant and played an important role in the combustion process. Mixture stratification changes the local equivalence ratios and therefore can be regarded as a potential mechanism for HCCI combustion control.
From this point, mixture stratification has been studied in addition to the charge reactivity to control the HCCI combustion. In this compound combustion concept, either single fuel or dual-fuel with different reactivity was introduced into the combustion chamber through both port and direct injections (DIs). If a single fuel was used, also known as premixed charge compression ignition (PCCI), the ratio between the premixed injections and DI fuel, as well as the DI timing, can be used to control the mixture stratification. In this way, the amount of the fuel residing in the quenching zones can be reduced in stratification combustion compared to the pure HCCI combustion, the PPRR and UHC can also be effectively reduced. Consequently, the fuel economy could be improved and the HCCI operating range can be extended. However, both CO and NOx emissions increase with the degree of stratification. In addition, the engine still could not run in full load mode.
In the dual-fuel compound combustion concept, the combustion can be classified into two regimes, determined by the premixed and DI fuels' reactivity. A thermo-atmosphere compound combustion regime can be operated by port injection high reactivity fuel [high cetane number fuel, such as dimethyl ether (DME)] and DI low reactivity fuel (high octane number fuel, such as methanol). The early combustion of the premixed fuel supplies a thermo-atmosphere so that the following directly injected fuel can be ignited quickly after undergoing a short ignition delay. With this compound combustion concept, the combustion characteristic can be regarded as a combination of HCCI (low-temperature reaction (LTR) and high temperature reaction (HTR) of premixed high reactivity fuel) and diffusion combustion (heat release of DI low reactivity fuel). The engine can be run at much higher loads compared to the pure HCCI and single fuel PCCI combustion modes, with low UHC and CO emissions, while the NOx emission can be controlled by the DI injection strategy.
By contrast, a reactivity controlled compression ignition (RCCI) or highly premixed charge combustion (HPCC) can be achieved by port injection of low reactivity fuel (high octane number fuel, such as gasoline) and DI of high reactivity fuel (high cetane number fuel, such as diesel) (Reitz and Duraisamy, 2015) . In this mode, most of the fuel was introduced through port injection, and the DI high reactivity fuel acts as the ignition source. The ratio between the premixed and DI fuels, as well as the DI injection strategy, can be used to control both the combustion rate and combustion phasing. Since both charge reactivity and mixture stratifications exist in the chamber, the combustion duration can be prolonged, results in reduced PPRR. As a result, much higher operating loads can be achieved. In addition, ultra-low NOx and soot emissions can also be obtained simultaneously with this combustion concept, together with high thermal efficiency due to the reduced heat transfer loss. This compound dual-fuel combustion concept has the potential to achieve clean and high efficiency combustion within much wider operation ranges. Even though, how to achieve and optimize the combustion in the full load range still remains as the challenge for the development of this novel combustion concept.
This objective of this paper is to present a review on the combustion mode design with high efficiency and low emissions controlled by mixture stratification and charge reactivity that have been conducted in the authors' group. The authors are aware of that there are a lot of relevant studies in this research direction. However, these may be included in a more extensive review paper that is currently in preparation. Therefore, the paper will start with HCCI combustion control through the charge reactivity and mixture stratification, then both the reactivity and stratification are applied to optimize the combustion process using dual-fuel compound combustion concepts (thermo-atmosphere combustion and RCCI/HPCC), and finally the combustion mode design fueled with dual-fuel strategy will be discussed.
experimental Setup and instruments
Two modified single-cylinder heavy-duty diesel engines and one four-cylinder light-duty diesel engine were used to explore the effects of different combustion modes controlled by both mixture stratification and charge reactivity. The specifications of these three engines are listed in Table 1 , wherein engine A was used to study the charge reactivity and mixture stratifications controlled HCCI combustion and the thermal-atmosphere controlled compound combustion modes, engine B was used to investigate the RCCI/HPCC combustion concepts and the dual-fuel combustion control strategies, and engine C was used to explore the combustion mode design with dual-fuel strategy based on the previous results.
Independent intake and exhaust systems with intake pressure/ temperature and EGR rate control capabilities were setup for these two single-cylinder engines (Engines A and B). As for the multi-cylinder engine, both high pressure and low pressure EGR systems were installed to achieve the effective control of EGR and boost pressure together with turbocharger optimization. Two port injectors were mounted on the intake manifold and one DI injector was mounted on the cylinder head for engine A, all were controlled by separate electronic control units (ECU), with both (Yao et al., 2007c; Yang et al., 2012; Tong et al., 2013 injection quantity and timing adjustable. As for engines B and C, the port injector and DI injector were mounted on the intake manifold and cylinder head, respectively, to deliver the fuels into the chamber. The premixed charge reactivity and mixture stratification can be flexibly controlled in this manner according to the operating conditions and control strategies. For all three engines, in-cylinder pressures were measured with pressure transducers which were fitted flush with the wall of the cylinder heads and connected via a charge amplifiers to the data acquisition boards in computers. The shaft encoders had resolutions of either 0.2° or 0.5°CA. In-cylinder pressure traces were averaged for 50 or 100 cycles for each operating point, and then the heat release rate (HRR) and PPRR were calculated by combustion analysis software packages. The exhaust gas was measured using the Horiba MEXA-7100DEGR exhaust analyzer, which measures UHC by a method of hydrogen flame ionization (FID), CO, and CO2 by non-dispersive infra-red (NDIR) method and NOx using a chemiluminescent NOx analyzer (CLA). The soot emission was measured with an AVL 415S filter smoke meter. Throughout this study, the criterion of the PPRR is 1.0 MPa/CA degree. If PPRR exceeds this value, the engine usually works violently, the noise becomes unacceptable. The energy balance analysis was conducted using the GT-Power package. The experimentally derived HRRs and exhaust temperatures (the temperature measurement point is 220 mm downstream the exhaust valves) have been used as the inputs to validate the simulation model. Validation results show that the agreements of exhaust gas temperatures between the experiments and predictions from simulations are reasonably good. In the calculations, the first law of thermodynamic can be expressed as the following equation:
wherein Qf is the total energy contained in the fuel, Pdv  ∫ is the indicated power, Qw is the heat transfer loss, ΔH is the exhaust loss, and Qcomb.loss is the incomplete combustion loss. The indicated engine power can be derived from the measured cylinder pressures, the heat transfer loss was calculated using the Woschini GT model in the GT-Power package, the exhaust loss was obtained from the enthalpy difference between the intake and exhaust gas (assuming the combustion chamber to be a constant pressure system), and the incomplete combustion loss was calculated based on the measured concentrations of CO, UHC, and H2. Through this equation, the energy flow distributions of various combustion concepts can then be obtained.
Charge Reactivity Controlled HCCi Combustion Single Fuel HCCi
In the single fuel HCCI mode, the premixed homogeneous charge can be prepared by either port injection or early DI. For diesel HCCI, relatively high intake temperature was required to ensure the evaporation of diesel fuel with low volatility and high viscosity to ensure homogeneous charge. DME, which has quite similar ignitability (cetane number ≈ 55) compared to conventional diesel fuel, but is much easier to evaporate, was then chosen as one of the primary fuels to study the HCCI combustion control strategy in the authors' group (Yao and Qin, 2004) . In addition, the DME oxidation mechanism was also much simpler than diesel fuel, which favors the development of reduced chemical kinetic mechanisms for the computational fluid dynamic (CFD) simulations. Yao et al. (2005b) and Huang et al. (2009) conducted multidimensional modeling studies on the oxidation process of single high cetane number DME fuel in a single-cylinder HCCI engine (Engine A in Table 1 ). It was found that the HCCI combustion of DME is quite similar to that of diesel fuel, which exhibits a two-stage heat release process. The DME concentration has almost no effect on the LTR but mainly affects the HTR. Theoretically, the mixture and temperature distributions should be perfectly homogeneous. However, in real applications, both temperature and concentration gradients exist in HCCI combustion process due to the mixture preparation, wall heat transfer, and turbulence interaction. It was found that the LTRs and HTRs do not occur simultaneously throughout the cylinder in the simulations. The LTRs are initiated near the piston surface and squish region, and the HTRs are initiated in the combustion chamber core zone and squish region. Therefore, throughout the DME HCCI combustion process, the in-cylinder temperature distribution undergoes a process from inhomogeneity to homogeneity. The unburned fuel and CH2O account for the majority of UHC emission. However, since the cetane number of DME is comparable to that of diesel, stable HCCI combustion can only be operated under fairly low load conditions, mainly limited by the PPRR.
In addition to the HCCI combustion fueled with DME, the effects of different high octane number fuels, including the primary reference fuels (mixtures of n-heptane and iso-octane), unleaded commercial gasoline, and mixtures of PRF and ethanol, on the combustion and emissions of HCCI engine were also experimentally investigated under different intake pressure conditions (Engine A in Table 1 ) Yao et al., 2008) . It was found that the ignition timing advances and in-cylinder pressure increases as the intake pressure increases. The effect of fuel properties on the HCCI combustion process depends upon the operating conditions. Gasoline is more reactive at low intake pressure while PRF is more reactive at high intake pressure, and the effects of PRF octane number on auto-ignition become smaller as the inlet pressure increases. Figure 1 shows the effects of boost pressure and research octane number (RON) on HCCI operating ranges . It is seen that the upper and lower loads can be extended by increasing the intake pressure. The maximum achievable load of gasoline is higher than that of PRF with the cases of supercharging. This can be attributed to the reason that more sensitive fuels (larger difference between RON and motor octane number (MON), such as gasoline) are likely to allow an HCCI engine to operate over a wider load range at given speed than less sensitive fuels. In addition, although not shown here, the PRF octane number has little effect on the UHC, CO, and NOx emissions when supercharging is employed. Nevertheless, the UHC and CO emissions of gasoline are higher than those of PRF with supercharging.
Dual-Fuel HCCi
Since single fuel cannot meet the reactivity requirements under different operating conditions in HCCI operation, thus the dual-fuel HCCI combustion concept has been proposed by port injecting two fuels with different reactivities, such as n-heptane and iso-octane (Yao et al., , 2007c , or DME and methanol/ methane Yao et al., 2005a Yao et al., ,b,c, 2006 Yao et al., , 2007b . In this case, the overall charge reactivity can be effectively adjusted by changing the ratio between two fuels through two port injectors under different conditions, i.e., high overall reactivity under low load conditions to promote the auto-ignition and low overall reactivity under high load conditions to suppress the auto-ignition.
The influence of PRF fuel's octane number on the combustion characteristics, performance, and emissions of HCCI engine has been investigated by Yao et al. (2007c) (Engine A in Table 1 ). Five different PRF fuels, including the PRF0 (n-heptane), PRF40 (60% n-heptane and 40% iso-octane), PRF60, PRF80, and PRF90, were used in the experiments. The engine was running at 1400 r/ min. Figure 2 shows the effects of PRF number on the HCCI combustion characteristics, indicating thermal efficiency (ITE) and operating range. It is seen that the octane number of PRF fuel largely affects the HCCI combustion process. With the increase of the octane number, the ignition timing delays, the combustion rate decreases, the combustion duration prolongs, and the cylinder pressure decreases. In addition, increasing RON retards both the LTR and HTR, and prolongs the negative temperature coefficient (NTC) phase.
It is apparent that the fuels with different octane numbers exhibit different HCCI operating ranges ( Figure 2B ). Fuel with low RON can operate at low indicated mean effective pressure (IMEP) conditions, and high RON fuel can realize much higher IMEP operations. Correspondingly, the operating range changes significantly for different octane number fuels. The maximum load can be extended to 0.54 MPa IMEP when PRF90 fuel was used. It is clearly shown in Figure 2C that there exists an optimum RON that could achieve the highest ITE at different engine loads (indicated by the variation of air/fuel ratio).
In addition to the PRF fuel, the dual-fuel HCCI combustion was also studied using DME/methanol and DME/methane by Zheng et al. (2004) and Yao et al. (2005c) . It was found that the effects of DME ratio on DME/Methanol HCCI combustion are quite similar to those of the PRF HCCI operation. The auto-ignition timing and combustion phasing can be effectively adjusted by changing the premixed ratio between low RON DME and high RON methanol, indicating the successful manipulations of the overall charge reactivity. By adopting DME/methanol dual-fuel, the HCCI operating region can be largely extended, the maximum IMEP can reach 0.77 MPa at low engine speeds.
The HCCI combustion fueled with DME and compressed natural gas (CNG) was also investigated in the same single-cylinder diesel engine by Yao et al. (2005c) (Engine A in Table 1 ). Similar to the PRF and DME/methanol dual-fuel HCCI combustion, adjustment of the proportion of DME and CNG is an effective technic to control the HCCI combustion process and to extend the HCCI operating range. The HCCI process of DME/CNG dual-fuel is also characterized by a two-stage heat release process, and the second heat release begins near top dead center (TDC). Their later numerical study indicated that the first stage of heat release mainly comes from the DME oxidation through an HTR, and the second stage of heat release mainly comes from the methane oxidation. Figure 3 shows the maximum loads that can be achieved using different fuel strategies. Due to the high cetane number, the maximum load that can be obtained with single DME fuel was around 0.3 MPa IMEP. When switched to dual-fuel strategy, the upper load limit can be extended to about 0.65 MPa IMEP with DME/methane dual-fuel, and the load can be further increased up to 0.77 MPa IMEP when DME/methanol was used. This result clearly shows that the stable HCCI operation range can be effectively extended by adopting the dual-fuel strategy, and the higher the octane number difference between the two fuels, the wider the operating range that can be achieved.
The effects of cooled EGR on the DME/methanol dual-fuel HCCI combustion, performance, and emissions have also been studied by Yao et al. (2005a) . Due to the dilution and heat capacity effects of cooled EGR, with fixed DME ratio (constant charge reactivity), both the auto-ignition timing and combustion phasing can be retarded, and the peak in-cylinder pressure and HRR can be reduced by increasing EGR. Figure 4 shows the effects FiGURe 4 | (A) The effects of EGR on operating load range, (B) the effects of EGR on the maximum loads, (C) the effects of EGR on indicated thermal efficiency.
FiGURe 3 | Maximum operating loads that can be achieved using different fuel strategies in dual-fuel HCCi operation.
of EGR on the combustion, operation range, and ITE in DME/ methanol dual-fuel HCCI operation. As shown in Figure 4A , the DME percentage range in normal combustion region without EGR is relatively narrow at high loads. With the increase of EGR, the region between the partial burn limit and the knocking limit becomes wider. This indicates that the ignition timing and combustion reaction rate of HCCI can be controlled effectively by increasing EGR. The results in Figure 4B indicate that EGR rate can enlarge the controllable HCCI operating region, but it has little effect on the maximum load of HCCI engine fueled with DME/methanol dual-fuels. Figure 4C suggests that, in normal combustion region, optimized HCCI combustion with high ITE can be achieved by adopting large DME percentage and high EGR in this dual-fuel combustion concept.
Charge Reactivity and Stratification Controlled Combustion Single Fuel Stratification Controlled HCCi
As mentioned in the introduction, the charge stratification has been regarded as a potential mechanism for controlling HCCI combustion. Both experimental and numerical studies have been conducted to explore the charge stratification to control the HCCI combustion by port injection and DI of the same n-heptane fuel Zheng and Yao, 2007) . The stratification can be altered by changing the ratio between the port and DI fuel mass and also the DI timing. The engine was running at 1400 r/min, with an overall equivalence ratio of 0.3 (Engine A in Table 1 ). Figure 5 shows the effects of DI ratio and timing on the combustion process. The in-cylinder pressure from the pure HCCI combustion under the same condition is also shown in the plots with dashed lines. It is seen in Figure 5 that both the DI ratio and timing affect the combustion process. With fixed DI timing, a higher DI ratio indicates a stronger charge stratification, which is shown to be helpful for PPRR reduction compare to pure HCCI combustion. With the increase of DI ratio, the onset of the HTR advances, the PPRR and UHC emissions decrease, and CO emissions increase. The effects of injection timing on the combustion and emissions have close relation to the DI ratio. A small DI ratio has limited effects on the in-cylinder pressure and emissions; with larger DI ratio, the onset of the HTR advances and the PPRR decreases with retarded DI timing. However, the major concerns for this single fuel combustion mode were the NOx and CO emissions. The NOx emissions increase with the increase of DI ratio and the retarding of the injection timing in the condition of present premixed/direct-injected fuel combustion, which suggests that the NOx emissions increase with the stratification degree because of the existence of high equivalence ratio and high temperature regions introduced by the DI spray event.
In Zheng et al.'s study , seven different imposed stratifications have been introduced according to the position of the maximal local fuel/air equivalence ratio in the cylinder at intake valve close (IVC) for two different equivalence ratios (0.2 and 0.264) at 1400 r/min. The results show that the charge stratification results in stratification of the in-cylinder temperature, the charge stratified combustion has the potential of overcoming the problems of HCCI combustion (too rapid combustion, high CO and UHC emissions).
In addition, both charge and thermal stratifications have also been studied using optical diagnostic technics to achieve HCCI combustion control. Liu et al. (2010 Liu et al. ( , 2011 used chemiluminescence imaging technic to study the effects of different port fuel injection strategies and thermal stratifications on HCCI combustion in a single-cylinder optical diesel engine. The results show that under lower intake temperature condition, the port fuel injection strategies have a larger effect on the HCCI combustion process. The combustion reaction rate can be reduced with larger local temperature stratification. As a result, the PPRR can be reduced and the HCCI operating range can be extended. Different thermal stratifications can also be adjusted by changing the piston bowl geometries (Liu et al., 2011) . It was found that different combustion chamber geometries generated different turbulence intensity, which has the potential to modulate the combustion process in HCCI engines.
Dual-Fuel Thermo-Atmosphere Controlled Compound Combustion
As discussed above, both the reactivity and charge stratifications affect the HCCI combustion process, which provides valid measures to achieve HCCI combustion control. In the authors' previous study, DME/methanol dual-fuel HCCI has been demonstrated to be able to regain the control of HCCI combustion and to extend the HCCI operating range (Yao et al., 2007d) . Based on these studies, a thermal-atmosphere controlled compound combustion concept has been studied by port injection of high cetane number fuel and DI of high octane number fuel (Yao et al., 2007a; Chen et al., 2009) . In this way, the premixed high reactivity DME/air mixture provides favorable thermal conditions for the auto-ignition and oxidation of directly injected methanol. Optimal combustion characteristics can be achieved at different operating conditions by adjusting the premixed DME ratio and DI methanol injection timing. Figure 6 shows the effects of the methanol DI timing on in-cylinder pressures and HRR in DME/methanol thermal-atmosphere controlled compound combustion mode. For later methanol injection, the combustion mode is the HCCI combustion of DME and the low-temperature diffusion combustion of methanol. As the injection timing is advanced, due to the improvement in homogeneity, the peak pressure and the second peak of HRR increase significantly. Further increase of the methanol fuel mass in this case would result in significant increase in PPRR, even knock. Therefore, in this dual-fuel compound combustion concept, late injection is preferred to suppress the pressure rise rate if more DI methanol fuel is used. Further advancing the injection timing with small methanol mass would result in partial burning or miss fire, thus a higher DME premixed ratio is required to ensure the ignition and combustion stability under this condition. The above results also indicate that the DI methanol fuel mass largely affects the choice of methanol injection strategy. Figure 7 shows the effects of methanol injection timing and concentration on the IMEP and NOx emission. It can be seen that IMEP increases with increased methanol concentrations. IMEP first increases and then decreases as the injection timing advances with low methanol concentrations, whereas IMEP increases monotonically with higher methanol concentrations. Later injection results in slightly lower IMEP due to the later autoignition and longer combustion duration of methanol diffusion combustion. The auto-ignition timing and combustion phasing are more appropriate as the injection timing advances, thus IMEP increases accordingly. IMEP decreases sharply at low methanol concentrations due to miss fire with advanced methanol injection timing. NOx emission first increases and then decreases with the advance of injection timing. With increasing methanol concentration, NOx emissions of earlier injection timing increases sharply due to the knock combustion, whereas NOx emissions can be effectively reduced through methanol injection strategy optimization. In addition, UHC and CO emissions depict similar trends in this compound combustion concept, that both emissions first decrease and then increase as the injection timing advances, and both emissions decrease as the methanol concentration increases.
To conclude, it is seen that the engine can be operated at high loads with this thermal-atmosphere controlled compound combustion mode. Low CO and UHC emissions can be obtained by controlling the DI timing and methanol concentration, while NOx emission can also be controlled through methanol injection strategy optimization.
Dual-Fuel RCCi/HPCC Combustion
In contrast to the thermal-atmosphere controlled combustion mode, in the dual-fuel RCCI/HPCC combustion concept, a high octane number fuel was introduced through port injection to form premixed homogeneous charge, while a high cetane number fuel was directly injected to the combustion chamber to serve as the ignition source. In this case, due to the quite different reactivity between the premixed and DI fuels, both reactivity and charge stratifications exist in the combustion chamber. The auto-ignition and combustion starts at the regions with high reactivity and equivalence ratio, and gradually spread to the rest of the chamber. The auto-ignition timing can be controlled by the DI timing, and due to the gradients in both reactivity and concentration, the combustion reaction rate and combustion duration can be well controlled by the degree of stratifications. In this approach, both the ignition timing and combustion phasing, as well as pressure rise rate, can be effectively manipulated by the coupling control of the DI strategy and splitting ratio better premixed and DI fuels. This combustion mode can be regarded as quasi-HCCI if late DI timing was used. Reitz et al. at combustion concept (Reitz and Duraisamy, 2015) . It has been demonstrated to be highly efficient, and is a promising strategy to meet current and future emissions regulations without relying on NOx and soot after-treatment, and the maximum operation load can be expanded up to 14.6 bar IMEP at 1300 r/min on a heavy-duty diesel engine through experiments.
Effects of Combustion Mode on Combustion and Emissions
In order to demonstrate the capability of the dual-fuel RCCI/ HPCC mode, first the effects of different combustion modes on engine performance and emissions have been investigated experimentally on a modified single-cylinder diesel engine (Engine B in Table 1 ) (Yang et al., 2012) . The engine was running at 1500 r/min, with constant cyclic fuel mass of 50.0 mg equivalent diesel. The CA50 timing was kept at 8.0 CA after top dead center (ATDC), and single injection strategy was used for the DI diesel fuel in these comparisons.
It is seen in Figure 8A that the same CA50 timing can be obtained by either early or late injection of the DI fuel, thus three different combustion modes have been tested, including the conventional low-temperature combustion fueled with blends of 20% diesel and 80% gasoline, the early injection HPCC (E-HPCC) and late injection HPCC (L-HPCC) with port injection of 80% gasoline and DI of 20% diesel. Figure 8B shows the required injection timing to keep CA50 at 8.0 CA ATDC as a function of EGR. The charge becomes more homogeneous if the early injection was used due to the more available mixing time, thus the overall reactivity can be increased; while the charge stratification increases if the late injection strategy was used. Figure 8C shows the comparisons of energy balance analysis among three modes. It is seen that the LTC mode has the highest exhaust loss, but this can be recovered by turbocharger. In the L-HPCC mode, the combustion initially occurs in the center of the chamber, and then gradually spreads to the rest of the chamber, results in the lowest heat transfer loss. The combustion efficiency of LTC is higher than the other two combustion modes. Overall, the ITE of these three combustion modes are quite close, in spite of different mixture organization and heat release profiles. Figure 8D shows that near-zero soot emissions can be obtained with all these combustion modes. Ultra-low NOx can be obtained with E-HPCC mode, while the NOx emissions of L-HPCC and LTC can be dramatically reduced by EGR. Therefore, although more NOx was formed due to the existence of the late injection spray in the L-HPCC mode (which can be reduced by EGR), the lowest PPRR suggests that this mode has the potential to extend the stable combustion to high-and full-load conditions (Yang et al., 2014) . In addition, n-butanol/biodiesel dual-fuel HPCC combustion has also been studied by Liu et al. (2014) . n-Butanol was injected into the intake manifold to form premixed homogeneous charge, while the soybean biodiesel was directly injected into the cylinder to serve as the ignition source. Engine B in Table 1 was used in the experiments, and the engine load was around 0.95 MPa IMEP (56% load of the original engine), with total fuel mass of 60 mg equivalent biodiesel. Similar to the gasoline/diesel dual-fuel combustion, E-HPCC and L-HPCC modes can also be classified with n-butanol/biodiesel dual-fuel, that the same CA50 can be achieved by either the early or late injection of biodiesel. Increasing the premixed ratios can retard the combustion phasing and reduce the pressure rise rate, while the ITE reduces by about 0.6% as increasing premixed ratio to 90%. The early injection has lower NOx emissions compared to the late injection due to the lower combustion temperature. The soot emissions are comparable between early-and late injection strategies. With the increase of EGR, the NOx and soot emissions decrease, while the UHC and CO emissions increase. The ITE reduces by 1-2% as increasing EGR to 45%. The successful operation of HPCC mode with n-butanol/biodiesel clearly suggests that in addition to the flexible combustion control, fuel flexibility is another advantage associates with this combustion mode.
Injection Strategy Optimization in Dual-Fuel RCCI/HPCC Combustion
Further studies have been conducted to study the effects of injection strategy on the combustion, performance, and emissions in HPCC mode. In Ma et al.'s study (Ma et al., 2013) , experiments have been conducted to optimize the combustion process by considering the gasoline/diesel ratio, diesel injection strategy, and EGR. Single-and double-injection strategies were employed in the experiments at 1500 r/min with cyclic fuel mass of 50 mg/ cycle total equivalent diesel. Parameters, including the first and second injection timings, diesel splitting ratio between two injections in double-injection strategy, and the premixed gasoline ratio, were studied and optimized in the experiments.
In the double-injection strategy, if the first start of injection (SOI1) timing is fixed, a same CA50 can be achieved by a late or an early second start of injection (SOI2) timing, thus the doubleinjection strategy can also be divided into L-SOI2 and E-SOI2 strategies as in the case of single injection ( Figure 9A) . In this double-injection strategy, the first injection fuel improves the mixture reactivity, more early injection, more homogeneous mixture. The injection timing of the second injection timing (SOI2) can be used to control the charge reactivity and stratification. Advanced SOI2 increases the charge reactivity and retarded SOI2 FiGURe 10 | effects of diesel injection pressure on the maximum achievable load in dual-fuel HPCC with dual-injection.
FiGURe 11 | The maximum achievable load with different injection strategies in HPCC combustion mode.
increases the charge stratification, which eventually controls the auto-ignition and combustion events. Figure 9B shows the comparisons of in-cylinder pressure and HRR among three injection strategies at the same CA50 timing of 6° CA ATDC. The HRR changes from two-stage for L-SOI2 case to single stage for E-single and E-SOI2 strategies, which indicates that the combustion moves from partially diffusion controlled pattern to almost totally kinetically controlled pattern. Therefore, the characteristics of gasoline/diesel dual-fuel combustion mode can be well controlled by the injection strategies. Figure 9C shows the comparisons of three combustion modes in terms of SOI2 timing, PPRR, ISFC, and emissions as a function of EGR. It is seen that higher EGR is required to reduce the NOx emissions for L-SOI2 strategy due to the late injection timing. However, L-SOI2 could yield the lowest HRR and longest combustion duration, which is helpful for PPRR reduction. In addition, ultra-low soot emission can also be obtained with L-SOI2 strategy.
Since the L-SOI2 was found to be able to reduce the PPRR, thus this strategy was then used to further expand the operation range of the dual-fuel combustion concept. Table 2 shows the operating conditions for the experiments. In these tests, the SOI1 was fixed at −55.0° CA ATDC, DI diesel fuel mass was increased from 8.0 to 12.0 mg/cycle, and SOI2 was adjusted to maintain the CA50 timing at 8-9° CA ATDC at 45% EGR rate. The premixed gasoline fuel mass was gradually increased to increase the load (IMEP) until the prescribed criteria are violated, including the upper limits for NOx, soot, PPRR, and coefficient of variability (COV). Figure 10 shows the major results for these experiments. For each diesel injection mass, the premixed gasoline mass can be increased as the DI injection pressure increases, thus the total fuel mass and the corresponding IMEP increase. Since the second injection is the ignition source in this mode, the mixing process of this injection is very important to promote the auto-ignition event and to suppress the soot formation. Thus, the premixed gasoline mass and ratio can be further increased with higher DI injection pressure, without violating the soot emission constraint. The higher gasoline ratio is also beneficial for PPRR reduction, which is potentially helpful to extend the operating loads. In addition, it is seen that the highest load is achieved with 10 mg/cycle diesel mass, as shown in Figure 10 . The reason is that the reactivity and equivalence ratio stratifications are not sufficient at higher diesel injection pressure with 8.0 mg/cycle diesel, resulting in unstable combustion and high COV. Figure 11 shows the maximum loads that can be obtained with different injection strategies. The operating parameters and emissions corresponding to the points of maximum loads are presented in Table 3 . L-SOI2 strategy has the highest capability in extending the operation range compared to E-single and E-SOI2 cases. By changing the injection strategies from E-single and E-SOI2 to L-SOI2, the IMEP can be increased from 1.026 and 1.027 to 1.391 MPa, the constraint factors of extending operation ranges switch from the high PPRR to high soot emission correspondingly.
Compared to other two injection strategies, the late second injection timing (L-SOI2) strategy was most favorable for PPRR reduction because of prolonged combustion duration. Under the operating conditions with optimized parameters, the maximum IMEP can be extended up to 1.391 MPa by using L-SOI2 strategy with increased fuel mass while still maintaining the emissions and PPRR within a given criteria. Further load extension was mainly constrained by the high soot emissions.
Combustion Mode Design Fueled with Dual-Fuel
The challenges under low load conditions, especially the cold start conditions, are the combustion stability, as well as the fuel economy, UHC, and CO emissions. Under this condition, usually high cetane number fuel is required to ensure the auto-ignition and combustion stability. Mid-load conditions are suitable for dual-fuel combustion concept, ultra-low NOx and soot emissions, together with high ITE can be obtained simultaneously using dual-fuel combustion concept. The major challenges for high load are the pressure rise rate limit or noise control, as well as the NOx and soot emissions.
Based on all these discussions, it can be observed that the dual-fuel strategy offers flexible charge reactivity and stratification controls, which can then be used to achieve flexible combustion mode base on operating conditions. Tong et al. (2013) experimentally explored the combustion mode design on a four-cylinder light-duty diesel engine coupled with both high pressure loop EGR (HPL-EGR) and low pressure loop-EGR (LPL-EGR) systems at 1900 r/min engine speed. In this study, the PCCI and HPCC/RCCI combustion modes with both HPL-EGR and LPL-EGR systems were compared under different operation conditions. The combustion modes transition was guided by the previous experimental results of single-cylinder engine (Engine B in Table 1 ), the process was manually controlled by adjusting fuels injection along with EGR rate. For PCCI combustion mode at low load conditions, the combustion mode transition from conventional mode was realized through advancing the diesel injection timing and increasing the EGR rate, for a given SOI, there exist an optimum EGR rate in term of the emissions and efficiency. The transition to dual-fuel HPCC combustion mode from conventional diesel combustion was realized through increasing gasoline fuel injection duration along with the minor adjustments of diesel injection timing and duration to prevent heavy knocking in the engine. When the engine attained the target load condition, the primary control parameters such as diesel SOI, gasoline ratio, and EGR fraction were balanced for the best performance.
Under low load condition [0.25 MPa break mean effective pressure (BMEP)], the single high cetane number diesel fuel PCCI combustion with either HPL-EGR or LPL-EGR shows fuel economy advantages compared to the conventional combustion and the dual-fuel HPCC/RCCI modes, as shown in Figure 12A . The combustion efficiency of HPCC/RCCI is relatively low (around 93%) due to the lean premixed low reactivity fuel under this condition.
Under mid-load condition (0.6 MPa BMEP), near-zero soot emission can be obtained due to the advanced diesel injection timing and highly premixed gasoline with dual-fuel HPCC/RCCI mode, the NOx emission can also be controlled to be lower than 0.4g/kW-h. The HPL-EGR system in single fuel PCCI mode cannot provide the desired boost pressure and EGR simultaneously, thus high soot emission was observed. The HPL HPCC/RCCI mode demonstrated higher thermal efficiency compared to the LPL HPCC/RCCI mode, UHC, and CO can also be reduced due to the optimized combustion process and low EGR rate. LPL-EGR system is preferred if the load was further increased (higher than 0.85 MPa BMEP). L-HPCC with LPL-EGR system demonstrated longer combustion duration and lower peak HRR compared to the E-HPCC mode, thus are helpful for thermal efficiency improvement and emission reduction. Figure 12B shows that the maximum load can be greatly extended by using the L-HPCC mode compared to the E-HPCC mode with low pressure EGR system.
As discussed above, Ma et al. (2013) showed that the maximum operating limit can be extended to 1.39 MPa IMEP with late SOI2 timing in dual-fuel HPCC/RCCI mode with double-injection strategy. The modeling study of Lim et al. (Lim and Reitz, 2014) used dual DI injectors for combustion phasing control of high load RCCI combustion. In addition to DI diesel event, a second injector was used to directly inject certain amount of gasoline into the cylinder. This work demonstrated that 2.1 MPa IMEP RCCI was achievable using dual DIs in the simulations.
Another combustion strategy to operate the engine in high/ full-load mode is the Partially Premixed Combustion (PPC) with high octane number fuels, which is a typical and representative combustion mode in gasoline compression ignition (GCI) lowtemperature combustion concept. In this combustion mode, the high octane number fuel (such as gasoline) was directly injected into the combustion chamber near TDC. The high auto-ignition resistant and volatility of gasoline could improve the mixing process, while the combustion phasing can be controlled by the injection timing. Kalghatgi et al. (2006) conducted a series studies on PPC combustion mode. Their studies showed that high efficiency (ISFC 178 g/kW h) and low emissions (NOx 1.2 g/kW h, smoke 0.36FSN) can be achieved at 14.86 bar IMEP condition using RON 95 gasoline fuel. The load can be further extended to 15.95 bar IMEP when double-injection strategy was used (Kalghatgi et al., 2007) . Manente et al. (2010) showed that successful PPC combustion can be achieved in the whole operating range by using RON < 70 gasoline fuel on a heavy-duty diesel engine, while the low load limit can only be reduced to around 15 bar IMEP when RON 93-100 gasoline fuel was used. The smoke can be reduced to be lower than 0.5FSN at 25 bar IMEP load condition by running gasoline PPC, combined with optimized EGR rate and air fuel ratio control. Fifty percent effective thermal efficiency can be obtained between 16 and 26 bar IMEP conditions, along with low NOx and soot emissions using two low octane number fuels. However, the soot emissions exceeded the Euro VI and US 2010 legislation limits when the load was higher than 15 bar IMEP. Tuner et al. (2014) further explored the PPC combustion on a multi-cylinder lightduty diesel engine. It was found that by running the gasoline PPC combined with low pressure EGR system, extremely low NOx and soot emissions, together with high ITE (51.1%) can be obtained. In addition, longer ignition delay, lower PPRR and higher thermal efficiency can be obtained by using double-injection strategy. However, the soot emissions were penalized. The achievable PPC operating range could cover the loads from idle condition to 18 bar IMEP condition when RON 70 gasoline fuel was used. In this combustion mode, the EGR and injection control strategies can be important measures for combustion control. In addition, variable valve timing (VVT) with retarded IVC time to achieve Miller cycle, is another possible way to realize clean and high efficiency combustion in high/full-load mode on diesel engines.
Overall, optimized combustion can be achieved by adopting the dual-fuel combustion concept. Through hybrid combustion mode design, wiz. single fuel PCCI mode at low loads with high cetane number fuel, dual-fuel HPCC mode at medium to high loads, and PPC mode with high octane number fuel at high to full loads, it is possible to realize high efficiency and clean combustion over a wide load range through the combination of combustion modes with proper injection strategy and EGR control.
Conclusion
In this paper, a review on the combustion mode design with high efficiency and low emissions controlled by the mixture stratification and fuel reactivity that have been conducted in the authors' group is presented. The review starts with the HCCI combustion control through charge reactivity control, followed by the effects of charge stratification on HCCI combustion, and then the dual-fuel compound combustion concept involves both charge reactivity and stratification to achieve effective combustion control, and finally the combustion mode design with dual-fuel strategy is discussed and proposed. The major conclusions can be summarized as follows:
1. in charge reactivity controlled HCCI combustion mode, the charge reactivity greatly affects the combustion characteristics and achievable operating load range. Flexible combustion control and load extension can be achieved by changing the charge reactivity according to the operating conditions in dual-fuel HCCI combustion. High charge reactivity favors the stable operation under low loads and low charge reactivity is helpful for PPRR suppression and load extension. The maximum IMEP can be extended to 0.77 MPa with DME/ methanol dual-fuel compared to 0.30 MPa IMEP with single DME fuel; 2. charge stratification is a potential mechanism for controlling the HCCI combustion. Stronger charge stratification is helpful for PPRR reduction compared to the pure HCCI combustion. However, the major concerns for this single fuel stratified HCCI combustion was the NOx and CO emissions. In addition, local temperature (thermal) stratification can also reduce the pressure rise rate through smoothing the reaction rates and extending the operating range in HCCI engines; 3. dual-fuel combustion concept by port injection and DI of two fuels with different reactivity can be used to control both the charge reactivity and stratification. The thermalatmosphere controlled compound combustion concept can be operated by port injection of high cetane number fuel and late DI of high octane number fuel. The operating range of this combustion concept can be extended to high-and full-load conditions. Low CO and UHC emissions can be obtained by controlling the DI timing and DI ratio, while NOx emission can also be controlled through methanol injection strategy optimization;
4. in the dual-fuel RCCI/HPCC combustion concept, charge reactivity and stratification can be controlled by port injection high octane number fuel and DI high cetane number fuel. Ignition timing, combustion phasing, and pressure rise rate can be effectively manipulated by the coupling control of injection strategy and splitting ratio between the premixed and DI fuels. Late second injection timing in double-injection strategy for DI fuel has the highest potential in extending the operation range compared to the early single injection strategy and early second injection timing in double-injection strategy.
The maximum IMEP can be expanded up to 1.391 MPa by using late second injection timing strategy while still maintaining emissions and PPRR within a given criteria; 5. smart combustion mode (hybrid combustion) can be achieved by dual-fuel to get high efficiency with ultra-low NOx and soot emissions in the whole engine operating range. PCCI with long ignition delay should be adopted for diesel-like high cetane number fuel under low load conditions. Gasoline/diesel dual-fuel with early single injection or double-injection with early second injection timing, combined with optimized EGR control, shows the highest potential to maximize the thermal efficiency and to minimize the pollutant emissions under medium load conditions. RCCI and L-HPCC have shown the potential to extend the operating range to higher loads through both fuel property and injection strategy optimizations. PPC mode with high octane number fuel combined with EGR is a promising pathway to realize clean and high efficiency combustion in high/full-load mode on diesel engines.
